We investigated whether the two cistrons of a dicistronic mRNA can be translated in plants to yield both gene products. The coding sequences of various reporter genes were combined in dicistronic units, and their expression was analyzed in stably transformed tobacco plants at the RNA and protein levels. The presence of an upstream cistron resulted in all cases in a drastically reduced expression of the downstream cistron. The translational efficiency of the gene located downstream in the dicistronic units was 500-to 1,500-fold lower than that in a monocistronic control; a 500-fold lower value was obtained with a dicistronic unit in which both cistrons were separated by 30 nucleotides, whereas a 1,500-fold lower value was obtained with a dicistronic unit in which the stop codon of the upstream cistron and the start codon of the downstream cistron overlapped. As a strategy to select indirectly for transformants with enhanced levels of expression of a gene which is by itself nonselectable, the gene of interest can be cloned upstream from a selectable marker in a dicistronic configuration. This strategy can be used provided that the amount of dicistronic mRNA is high. If, on the other hand, the expression of the dicistronic unit is too low, selection of the downstream cistron will primarily give clones with rearranged dicistronic units.
The most consistent model to describe initiation of translation in eucaryotes is the modified scanning model (27) , which states that 40S ribosomal subunits bind at or near the 5' cap structure of the mRNA and migrate downstream along the mRNA until the first AUG codon is reached. If this AUG codon occurs in a favorable context for initiation, the 40S ribosomal subunits are halted, the 60S subunits associate with them, and translation is started; if the context around the first AUG codon is less favorable, some or most of the 40S subunits proceed to the next AUG. The favorable contexts for initiation, as established by nucleotide sequence analysis and site-directed mutagenesis, are AACAAIUGGC for plant mRNAs (23, 25, 36, 45) and (GCC)GCC'CCAUG for vertebrate mRNAs (29) (30) (31) . The scanning model is in accordance with the finding that nucleus-encoded genes in eucaryotes are normally organized in monocistronic transcriptional units.
The concept of reinitiation has been included in the scanning model to account for the observation that an upstream AUG codon, even in an optimal context, still allows initiation of translation at a downstream AUG codon provided that a termination codon in-frame with the upstream AUG codon precedes the downstream AUG codon. Indeed, in several reports it has been demonstrated that in mammalian cells a "minicistron" inserted upstream from the main cistron does not abolish translation of the main cistron (22, 28, 35) . After translation of the minicistron, reinitiation of translation seems to occur at the start codon of the main cistron on the same mRNA. Similar processes have been described in barley protoplasts (16) . Kozak (32) showed that the efficiency of reinitiation increases when the distance between a minicistron and a downstream reporter gene increases.
Although these studies with minicistrons gave insights into the mechanism of translation initiation, they did not answer * Corresponding author.
the question of whether several longer polypeptides can be translated from a polycistronic mRNA. It is conceivable that a "normal-sized" cistron affects translation of a downstream cistron in a different way than a minicistron encoding a small peptide (32, 33) . In several studies, artificially engineered transcriptional units, comprising several normal-sized cistrons, were introduced into mammalian cells. Peabody and Berg (41) found that the downstream cistron of a dicistronic unit is expressed with an efficiency of 5 to 20% relative to a monocistronic construct, if translation beginning at the upstream cistron is terminated before or immediately after the start codon of the downstream cistron. Kaufman et al. (26) found that the translational efficiency of the downstream open reading frame (ORF) in a dicistronic construct is only 0.3 to 2.5% that in a monocistronic construct, while the efficiency of translation of the third ORF in a tricistronic construct is only slightly reduced relative to that of the second ORF in a dicistronic construct. The Epstein-Barr virus nuclear antigen 2 mRNA is an example of a viral mRNA from which two proteins can be translated from nonoverlapping reading frames (53) .
In plants, translation of several proteins from nonoverlapping ORFs of a polycistronic mRNA is likely to occur during cauliflower mosaic virus (CaMV) 
MATERIALS AND METHODS
Plasmid constructions. The plasmids described in Results and depicted in Fig. 1 were constructed by standard techniques (38) .
Mobilization of plasmids from Escherichia coli to Agrobacterium tumefaciens. Plasmids were constructed and maintained in E. coli MC1061 (4). Mobilizations to A. tumefaciens were done via a triparental cross with E. coli GJ23 (50) or HB1O1(pRK2013) (15) as a helper. Plasmids pGSFR163, pGSFR164, pGSFR166, pGSFR167, and pGSC1703 are binary vectors based on the stability and replication functions of plasmid pVS1 (8) . They were mobilized to A. tumefaciens C58C1 Rif(pGV2260) (7) .
Other plasmids were mobilized to A. tumefaciens C58C1 Rif' harboring the virulence plasmid pGV2260 (in the case of pSKH501 and pGSJ290) or pGV3850 (54) (for pJUH5, pJUH6, and pHTT183). They were stabilized by homologous recombination through the pBR322 sequences into the Ti plasmid. The DNA segments to be transferred to the plant cells (T-DNAs) of these cointegrates were verified by Southern blot analysis of total bacterial DNA.
Leaf disk transformation and protoplast cocultivation. Nicotiana tabacum cv. Petit Havana SR1 (37) (38) .
Plant RNA preparations and Northern (RNA) analysis. Total RNA was isolated from leaves as described by Jones et al. (24) . Poly(A)+ RNA was prepared by oligo(dT)-cellulose column chromatography. Total RNA from protoplasts was isolated as described by Denecke et al. (12) . Denaturing formaldehyde-agarose gel electrophoresis, transfer to nylon membranes, and hybridizations were performed in accordance with Amersham protocols. The bar, nptII, and hpt genes were cloned into SP6 vectors, and SP6 polymerase was used to synthesize 32P-labeled riboprobes complementary to the bar, nptII, and hpt mRNAs.
Enzymatic assays. NPTII activity was determined by the in situ detection method on nondenaturing polyacrylamide gels (48) . For some experiments, the P81 filters were treated with proteinase K (44) , resulting in the partial removal of the plant kinase bands. PAT activity was determined by thin-layer chromatography as described by De Block et al. (9) . 3- Galactosidase assays in gel and in solution were done as described by Teeri et al. (46) . For all enzymatic assays, samples were standardized against total soluble protein content by the Bradford assay (Bio-Rad Laboratories, Richmond, Calif.).
RESULTS
Dicistronic constructs. To test whether plants are able to translate both gene products from a dicistronic transcriptional unit, we constructed a set of vectors with marker genes in monocistronic or dicistronic configurations. The constructions are depicted in Fig. 1 .
Plasmids pGSFR163, pGSFR164, and pGSFR167 contain the bialaphos resistance (bar) gene, encoding PAT, followed by the nptII gene, encoding NPTII, as a dicistronic unit fused to the TR2' promoter. The distances between the two genes in these constructs are 30 base pairs (bp) in pGSFR163 and 10 bp in pGSF164, whereas in pGSFR167, the stop codon of bar and the start codon of nptII overlap in an ATGA configuration. A hygromycin phosphotransferase gene (hpt) under the control of the TR1' promoter is present in these constructs as a selection marker independent of the dicistronic unit. The control plasmids pGSFR166 and pGSC1703 contain the bar gene and the nptII gene, respectively, attached to the TR2' promoter as monocistronic units.
Plasmids pJUH5 and pJUH6 contain the lacZ gene, encoding 0-galactosidase, followed by the nptII gene in a dicistronic unit. Both genes are separated by a 22-bp intercistronic region. This unit is fused to the nopaline synthase (nos) promoter in pJUH5 and to the CaMV 35S promoter in pJUH6. In pHTT183, an nptII-lacZ dicistronic unit, in which both genes are separated by 27 bp, is under the control of the nos promoter. pSKH501 and pGSJ290 are monocistronic control plasmids with the lacZ gene and the nptII gene, respectively, attached to the 35S promoter. The chimeric genes were cloned between T-DNA borders or in a pBR322 derivative which can be cointegrated between the T-DNA borders of the nononcogenic Ti plasmid pGV3850 (54) . The plasmids were mobilized to the appropriate A. tumefaciens strains (see Materials and Methods) to allow the T-DNA to be stably integrated in the tobacco genome.
Plant transformation and selections. N. tabacum SR1 was transformed by leaf disk infection or cocultivation of regenerating protoplasts with the different A. tumefaciens strains. The T-DNAs of plasmids pGSFR163, pGSFR164, and pGSFR167 contain an hpt marker and the two marker genes of the dicistronic unit, bar and nptII. In cocultivation experiments, selection on hygromycin (25 mg/liter) and on phosphinothricin (1 mg/liter) gave a normal frequency of resistant calli (10% of the regenerating calli). Selection on kanamycin (50 mg/liter), however, gave a 100-fold-lower frequency of resistant calli than that obtained in a control experiment with the A. tumefaciens strain containing the monocistronic nptII transcriptional unit (pGSC1703). In a different set of experiments, tobacco leaf disks were cocultivated with A. tumefaciens strains containing pGV3850:: pJUH5, pGV3850::pJUH6, pGV3850::pHTT183, pGV2260:: pGSJ290, or pGV2260::pSKH501. Transformed calli and shoots were selected on medium supplemented with 25 or 100 mg of kanamycin per liter. Both selections gave similar results. Leaf disks infected with agrobacteria containing the lacZ-nptII dicistronic transcriptional units (pJUH5 and pJUH6) produced a much lower amount of Kmr shoots than did leaf disks infected with the other agrobacteria. This effect was more pronounced for pJUH5 than for pJUH6. However, it is not possible to calculate frequencies with the leaf disk infection procedure. GSFR163, GSFR164, and GSFR167 plants, obtained by selection on hygromycin, were assayed for the expression of the downstream nptII gene. NPTII activity was detected in all the tissues tested, i.e., roots, leaves, and calli. To quantitate the level of NPTII produced by the dicistronic constructs, we compared NPTII activity in extracts of GSFR163, GSFR164, and GSFR167 plants with NPTII activity in serially diluted GSC1703 extracts. NPTII expression directed by the three dicistronic transcriptional units was 3,000-to 7,500-fold lower than that directed by the monocistronic control ( Fig. 2A and B) .
To exclude nonrepresentative expression levels in an individually chosen plant, we analyzed at least four plants for each construct, but no more than a two-to threefold difference in NPTII expression was observed.
The TR2' promoter is stimulated by wounding and exhibits a marked tissue specificity (34, 46) . The NPTII level in plants transformed with the dicistronic constructs is expected to follow the same pattern. Indeed, NPTII activity in wounded GSFR163, GSFR164, and GSFR167 leaves was 10 to 20 times higher than that in intact leaves, similar to the stimulation observed in GSC1703 plants. Also, NPTII activity expressed from the dicistronic units was low in leaves, high in calli, and highest in roots, corresponding to the distribution of NPTII activity observed in plants transformed with pGSC1703 (data not shown). Figure 2B also demonstrates that the NPTII enzyme detected in GSFR163, GSFR164, and GSFR167 plants is not a degradation product of a PAT-NPTII fusion protein. Such a fusion protein could arise by ribosomal frameshifting when the bar and nptII coding sequences are in different reading frames (pGSFR164 and pGSFR167) or by translational readthrough over the bar stop codon in pGSFR163. In plants transformed with a construct in which the bar and nptII coding sequences were fused in-frame (pGSFRKm21O; G. Angenon et al., manuscript in preparation), a degradation product of the PAT-NPTII fusion protein, migrating at the same position as the authentic NPTII enzyme, was indeed produced in low amounts. However, no fusion protein was detected in the GSFR163, GSFR164, or GSFR167 plants (Fig. 2B) .
In a different series of experiments, leaves of JUH5 and JUH6 plants selected on kanamycin were assayed for the expression of the downstream nptII gene. JUH6 plants, which have the dicistronic unit under the control of the strong CaMV 35S promoter, all showed NPTII activity. By comparing extracts from JUH6 plants with serially diluted extracts from GSJ290 plants, we found that NPTII expression from the dicistronic unit was 1,000 to 2,000 times lower than that from the monocistronic control (Fig. 2C) -P.K.
-PAT-NPTII -PK. and 2 was 50 jig, and that in lanes 3 to 6 was 100 p.g; in lanes 7 and 8, 0.033 and 0.1 I±g of total protein from a GSC1703 extract were loaded (representing 1/3,000 and 1/1,000 of the amount in lanes 3 to 6). To ensure a quantitative comparison, we diluted GSC1703 extracts with an extract from nontransformed SR1 roots. (B) NPTII activity in wounded leaves from plants transformed with the barnptII dicistronic constructs and from control plants. Two independent transformants were analyzed for each construct. The total soluble protein contents of the samples were 500 ,ug in lanes 1 to 6, 0.1 and 0.2 ,ug of a GSC1703 extract, diluted with an extract from nontransformed SR1 leaves, in lanes 7 and 8, respectively, and 1 ,ug of a GSFRKm210 extract, diluted with an SR1 extract, in lanes 9 and 10. The degradation product of the PAT-NPTII fusion protein produced in the GSFRKm21O plants could only be detected after a prolonged exposure of the filter. The P81 filter was treated with proteinase K to partially remove the nonspecific bands representing plant kinase (P.K.) activities. (C) NPTII activity in leaf extracts of seven independent JUH6 plants and in serially diluted extracts from a GSJ290 plant. The dilutions were made with extracts from nontransformed SR1 plants. The total protein content of the samples was 133 ,ug.
mRNAs, we examined the plants by Southern and Northern blot analyses.
Total DNA from GSFR163, GSFR164, and GSFR167 plants selected on hygromycin was digested with NcoI, which cuts in the hpt sequence and the nptII sequence of the T-DNA (Fig. 1) . The DNA blot was probed with a HindIIINcoI nptlI fragment. As expected, the only hybridizing band was the 2-kilobase NcoI internal T-DNA fragment (Fig. 3A) .
The pJUH6 construct does not contain a selectable marker apart from the dicistronic unit. Consequently, JUH6 plants were obtained by selection of the downstream gene of the dicistronic unit (nptlf). Therefore, it was very important to exclude the possibility that NPTII expression in the JUH6 plants derived from a T-DNA copy truncated in front of the nptII gene and activated by insertion downstream of a plant promoter. Total DNA from JUH6 plants was cut with Sacl and HindIII (Fig. 1) . Blots probed with an nptII fragment showed that only the 3,746-bp Sacl-HindIII internal T-DNA fragment hybridized (Fig. 3B) . Blots probed with a lacZ fragment showed the same 3,746-bp fragment and a second 6,411-bp fragment extending from the Sacl site in lacZ to the Hindlll site in the pBR sequences of the pGV3850 Ti plasmid, in which pJUH6 is cointegrated (data not shown). These results proved that the dicistronic unit is correctly inserted in the genome of these transgenic plants.
Northern analysis showed that the only transcript that could be detected with an nptII probe in GSFR163 and GSFR164 plants was 2.1 kilobases long, the expected size for the dicistronic mRNAs (Fig. 4) . Even after prolonged exposure, no smaller mRNA species could be detected.
Translational efficiency of the downstream gene. To calculate the relative translational efficiency of the downstream gene of the bar-nptll dicistronic units, the amounts of NPTII enzyme in GSFR163, GSFR164, GSFR167, and GSC1703 transgenic plants were compared with the steady-state levels of the respective nptII-specific mRNAs. The PAT levels and the bar-specific mRNA levels were also determined. Protoplasts prepared from the respective transgenic plants served as the source of material for these experiments. The same batch of protoplasts was used for the preparation of RNA as well as for the measurement of NPTII and PAT activities (see Materials and Methods). The results of these experiments are shown in Fig. 5 .
The level of NPTII activity in protoplasts prepared from the plants transformed with the bar-nptII dicistronic constructs was approximately 5,000-fold lower than that in protoplasts from GSC1703 plants (Fig. 5A) , a result which is in accordance with the values found in root and leaf tissues (Fig. 2) . However, the bar-nptlI dicistronic mRNA levels were also approximately 5-to 15-fold lower than the nptII monocistronic mRNA level (Fig. 5C) . Therefore, the relative 5679 VOL. 9, 1989 -e e- translational efficiency of the downstream gene was estimated by comparing the NPTII activity with the nptllspecific mRNA level in each individual plant ( Table 1 ). The translational efficiencies of the nptIl gene were about 500-, 1,000-, and 1,500-fold lower in the dicistronic constructs pGSFR163, pGSFR164, and pGSFR167, respectively, than in the monocistronic reference construct pGSC1703. Interestingly, a positive correlation was found between the translational efficiency of the downstream gene and the length of the intercistronic region in these three constructs.
The levels of the bar-, bar-nptII-, and hpt-specific mRNAs were also compared. The bar-nptII dicistronic unit and the hpt gene are transcribed from the closely linked TR1' and TR2' promoters, which are thought to be coordinately regulated (46, 51) . Accordingly, the dicistronic and hpt transcripts were found to be present in about the same ratios in all plants, except for GSFR163-3 (Fig. SD) . Moreover, the steady-state levels of the dicistronic transcripts were 20-to 50-fold lower than those of the bar monocistronic transcript (Fig. SD) , although the promoter-gene fusion was identical in the pGSFR166 and dicistronic constructs. The reduced steady-state levels of the dicistronic mRNAs correlated very well with the PAT activities, which were also 20-to 50-fold lower in the GSFR163, GSFR164, and GSFR167 transgenic plants than in the GSFR166 plants (Fig. SB) . These reduced PAT levels were also observed in extracts from roots and leaves (data not shown).
We also compared the expression of the lacZ gene in plants transformed with either the lacZ-nptII dicistronic construct pJUH6 or the monocistronic control construct pSKH501. The lacZ activity was determined by a P-galactosidase assay of leaf extracts (46 on kanamycin did not contain the expected T-DNA but contained rearranged copies. We assume that in JUH5, GSFR163, and GSFR164 transformants, the levels of NPTII enzyme were too low to survive kanamycin selection and that the majority of the transformants that did survive were those which contained rearranged T-DNAs.
DISCUSSION
Low-efficiency expression of the downstream gene of the dicistronic unit. We have investigated whether two proteins can be translated from dicistronic mRNAs in plants and how efficiently the downstream gene is expressed. This is the first report on the translational efficiency of dicistronic transcriptional units stably integrated into the plant genome.
We have analyzed plants stably transformed with a set of dicistronic T-DNA constructs with different promoters, different marker genes, and different intercistronic regions. The downstream gene of these various dicistronic units is expressed at a drastically reduced level, and its translational efficiency is 500-to 1,500-fold lower than that in a monocistronic control.
Southern blot analysis showed that the T-DNAs are intact in the transgenic plants, and Northern blot analysis confirmed that the only transcripts that can be detected with a probe specific for the downstream gene have the sizes expected for the dicistronic mRNAs. We cannot completely exclude the possibility that the downstream gene product is translated from a smaller transcript of very low abundance and generated from a cryptic promoter or derived from the original dicistronic mRNA by splicing. However, this possibility is very unlikely, for the following reasons. Firstly, the gene product corresponding to the downstream cistron (NPTIl), retains the well-characterized expression pattern of the promoter to which the dicistronic units are fused with all our constructs. This result argues strongly against the use of a cryptic promoter. In GSFR163, GSFR164, and GSFR167 plants, the observed tissue specificity and stimulation by Fig. 5A .
b nptll-specific mRNA levels, relative to the level in plant GSC17034, were estimated from the Northern blot analyses shown in Fig. 5C ; the values are averages of two independent RNA blots.
c Ratio between the relative NPITII level and the relative mRNA level.
Average translational efficiencies for GSFR163-1 and GSFR163-3, for GSFR164-2 and GSFR1644, for GSFR167-5, and for GSC17034 and GSC1703-5 were 1/450, 1/975, 1/1,660, and 1, respectively.
any of at least four factors might affect the level of expression of the downstream gene. Firstly, the length of the upstream cistron is likely to have a strong influence on the translational efficiency of the downstream gene. Constructs which have an upstream minicistron allow reinitiation efficiencies of between 10 and 100% (16, 22, 28, 32, 35) . In contrast, constructs with a normal-sized upstream cistron exhibit lower translational efficiencies for the downstream cistron (2, 17, 26, 41) . One of the reasons why the length of the upstream cistron could affect translation of the downstream cistron is that initiation factors might remain associated with the 40S ribosomal subunit upon initiation of translation and be gradually released during elongation. Consequently, these factors would still be present after translation of a minicistron but not after translation of a normal-sized cistron, resulting in a poor reinitiation in the latter case (32, 33) .
Another important factor is the length of the intercistronic region. Kozak (32) has observed that in constructs with upstream minicistrons, the reinitiation frequency is about 5% when the stop codon of the minicistron and the start codon of the downstream cistron overlap in an ATGA configuration, whereas reinitiation frequencies are 7 to 10, 20, and 50 to 100% with intercistronic regions of 2 to 11, 45, and 79 bp, respectively. Although the values we found with the bar-nptII constructs were much lower, the same tendency was noted: the translational efficiency of the downstream gene was higher for constructs with a longer intercistronic region. However, we do not exclude the possibility that the difference in translational efficiency is caused by the nucleotide sequence rather than by the length of the intercistronic region.
A third factor is the assay system used for studying polycistronic transcripts. It is clear that viral, in vitro translation, and transient expression systems do not always faithfully represent the situation in stably transformed cells. For instance, during in vitro translation in reticulocyte lysates, in addition to the full-length translation product, incomplete polypeptides are produced in considerable amounts, arising from both premature termination and initiation at internal sites (3, 6 
